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Objective: The lack of aneurysm pulsatility after endovascular aneurysm repair (EVAR) is deemed by some an important
guide to the effectiveness of exclusion. However, factors that contribute to aneurysm pulsatility after EVAR have not been
elucidated. This study quantitatively analyzed the effects of systemic pressure, aneurysm sac pressure, endoleak, branch
outflow from aneurysm sac, and intra-sac thrombus on aneurysm pulsatility after EVAR.
Methods: In an ex vivo model, an artificial aneurysm sac was incorporated within a mock circulation comprised of rubber
tubing and a pulsatile pump. The aneurysm sac was then completely excluded from the circulatory circuit with two types
of stent-grafts, ie, supported and unsupported, and heparinized canine blood was circulated. Systemic circulation and
aneurysm sac pressure was recorded in the absence and presence of endoleaks, and simulated open and closed lumbar
branch outflow from the aneurysm sac. The aneurysm sac was then filled with organized human thrombus, and all
pressure measurements were repeated. Two observers blinded to the above-mentioned variables independently evaluated
aneurysm sac pulsatility with palpation in five separate experiments. Analysis of variance was performed, with significance
accepted at P  .05.
Results: Systemic pressure was simulated in the artificial circulation to range from 100/60 to 180/60 mm Hg. Regardless
of the simulated lumbar branch outflow from the aneurysm, sac pressure was directly related to the presence of endoleak
(P < .001). Aneurysm sac pulsatility was present only when the lumbar branch outflow was patent and not dependent on
sac pressures. Aneurysm sac thrombosis or type of stent-graft did not influence sac pressure and pulsatility.
Conclusions: In this model, after EVAR pulsatility depends on aneurysm sac outflow, regardless of endoleak, sac
thrombosis, sac pressure, or stent-graft. Furthermore, persistent pulsatility does not predict systemic intra-sac pressure,
nor does lack of pulsatility reflect freedom of the aneurysm sac from systemic pressurization. This ex vivo model suggests
that aneurysm pulsatility is an unreliable guide for predicting aneurysm sac pressurization after EVAR. Other diagnostic
methods must be used to assess successful aneurysm exclusion. (J Vasc Surg 2003;37:842-6.)
Technical success of endovascular aneurysm repair
(EVAR) depends not only on complete aneurysm exclusion
but also on prevention of aneurysm sac pressurization and
rupture. The incidence of endoleak ranges from 12% to
44%, and its clinical significance remains poorly under-
stood.1,2 Endoleak, regardless of size or type, can transmit
systemic pressure to the aneurysm sac.3-5 Even thrombosed
endoleak may result in systemic pressurization of the aneu-
rysm sac (endotension) and may be associated with in-
creased risk for aneurysm rupture.6 Recently there has been
an increasing number of reports of aneurysm rupture after
exclusion with endovascular and open surgical tech-
niques.7-11 Therefore vigilant postoperative follow-up with
routine physical examination, ultrasonography, computed
tomography (CT), and arteriography is recommended.
These examinations are geared to detection and prevention
of complications of EVAR that can lead to aneurysm
growth and rupture. Open surgical endoaneurysmorrhaphy
obliterates the aneurysm sac as well as its pulsatility. How-
ever, EVAR results in persistence of the aneurysm sac and
sometimes pulsatility. Aneurysm sac pulsatility is consid-
ered by some an important means for evaluating the effec-
tiveness of EVAR. Some investigators advocate that all
patients with pulsatile aneurysm after EVAR undergo sub-
sequent treatment, including conversion to open repair,
even in the absence of radiographically identifiable en-
doleak.12 Since factors that contribute to aneurysm pulsa-
tility after EVAR have not been elucidated, we quantita-
tively analyzed the effects of systemic pressure, aneurysm
sac pressure, endoleak, and lumbar branch outflow on
aneurysm pulsatility in an ex vivo model.
MATERIALS AND METHODS
The experiments were performed in an ex vivo model.
An artificial compliant aneurysm sac was incorporated
within a mock circulation comprised of rubber tubing
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connected to a pulsatile pump (Haemonetics, Braintree,
Mass) and a collecting system. The artificial aneurysm
model consisted of dilated 2 mm thick latex tubing with
multiple outflow (diameter, 3 mm) simulating lumbar ar-
teries, which were allowed to bleed freely without resis-
tance. Heparinized canine blood was used in the artificial
circuit. The rubber tubing created compliance, and resis-
tance was adjusted by controlling the outflow diameter.
Frequency of the pulsatile pump was adjusted to maintain a
pulse rate of 80 bpm and flow at 5 L/min. A pressure
transducer (Konigsberg Instruments, Pasadena, Calif) that
permits frequency response and sensitivity, in conjunction
with an analogue-digital board (Metrabyte DAS-1407;
Trinton Technologies, San Diego, Calif), was connected to
the aneurysm sac and the mock circulation (Fig 1). Exper-
iments were conducted in a closed system, and clamps were
used to narrow the lumen of outflow vessels until steady-
state pressure was achieved. Peak systolic and diastolic
pressure measurements were recorded with each experi-
ment.
Aneurysm sac pulsatility was independently evaluated
with palpation in five separate experiments by two observ-
ers blinded to variables including systemic pressure, sac
pressure, endoleak, lumbar branch outflow, aneurysm sac
thrombosis, and type of graft used for aneurysm exclusion.
The aneurysm sac was completely excluded from the circu-
latory circuit by a surgeon- made stent-supported thin-
walled polytetrafluoroethylene (PTFE) graft (W. L. Gore
& Associates, Flagstaff, Ariz) (Fig 2). SMART stents (Cor-
dis, Miami, Fla) were used to line the inner surface of the
thin-walled PTFE graft to create a stent-supported graft,
and industry-made grafts were not analyzed. Systolic pres-
sure in the artificial circulation varied between 100 and 180
mm Hg, and diastolic pressure was kept at 60 mm Hg. In
each experiment, steady state was reached over several
minutes. However, pressure within the artificial circulation
varied by 5 mm Hg between experiments and therefore
Fig 1. Artificial circulation with endograft, endoleak, and lumbar branch outflow.
Fig 2. Excluded aneurysm sac without endoleak.
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was recorded in multiples of 5. Aneurysm sac pressure and
pulsatility were recorded with and without simulated lum-
bar branch outflow. A 9F sheath was used to punch out a 3
mm fabric hole in the stent-graft to mimic an endoleak (Fig
3). Again, aneurysm sac pressure and pulsatility were eval-
uated in the presence and absence of simulated lumbar
branch outflow. The excluded aneurysm sac was subse-
quently packed with organized human thrombus collected
from patients undergoing open surgical endoaneurysmor-
rhaphy. Aneurysm sac pressure and pulsatility were reeval-
uated with and without endoleak and in the presence and
absence of simulated lumbar branch outflow. Finally, the
aneurysm sac was excluded with a nonsupported PTFE
graft (graft brought out at proximal and distal ends of the
aneurysm and connected to the circulatory circuit with
“Christmas tree” connectors), and all the above-mentioned
experiments were repeated. Data were evaluated with anal-
ysis of variance with significance accepted at P  .05
(ANOVA module, Statista 5.0; StatSoft, Oklahoma City,
Okla). The main effects tested were systemic pressure,
endoleak, lumbar branch outflow, and thrombus. Two-way
and three-way interactions for all subsets of these variables
were also included in the ANOVA model.
RESULTS
In the artificial circulation, simulated pressure was
maintained at 100/60 or 180/60 mm Hg. The details of
aneurysm sac pressure and pulsatility measurements, in the
presence and absence of stent-graft endoleak, with and
without lumbar branch outflow, are recorded in Tables I
and II.
Sac pulsatility and pressure without lumbar branch
outflow. In the absence of stent-graft endoleak and lum-
bar branch outflow, peak systolic and diastolic pressure
transmitted to the excluded aneurysm sac was markedly
reduced from that of the systemic circulation. The excluded
aneurysm sac was nonpulsatile, with pulse pressure between
10 and 15 mm Hg (P  .001).
In the presence of stent-graft endoleak without lumbar
branch outflow, aneurysm sac peak systolic and diastolic
pressure was markedly increased and higher than that of the
systemic circulation. The increased diastolic sac pressure
resulted in a lower pulse pressure, ranging between 25 and
30 mm Hg). In all such experiments, the aneurysm sac was
not pulsatile.
Sac pulsatility and pressures with lumbar branch
outflow. In the absence of stent-graft endoleak, peak sys-
tolic and diastolic pressure transmitted to the excluded
aneurysm sac with lumbar branch outflow was lower than
that of the systemic circulation. Aneurysm sac diastolic
pressure was markedly reduced, resulting in higher pulse
pressure (range, 25-45 mm Hg) when compared with the
excluded aneurysm sac without lumbar branch outflow. In
all such experiments, the aneurysm sac was pulsatile (P 
.001).
In the presence of stent-graft endoleak, peak systolic
and diastolic pressure in the aneurysm sac with lumbar
branch outflow was equivalent to that of the systemic
circulation, and the aneurysm sac was pulsatile (P  .001).
Aneurysm sac thrombosis and types of stent-graft (support-
ed vs nonsupported) did not have any statistically signifi-
cant influence on aneurysm sac pressure or pulsatility.
There was no interobserver variability among the blinded
observers.
The effects of high and low systemic pressure, en-
doleak, and lumbar branch outflow on sac pulse pressure
and pulsatility were statistically significant (P .001) There
was no main effect from thrombus or type of stent-graft on
sac pulse pressure.
DISCUSSION
After EVAR, routine physical examination and imaging
methods such as CT, ultrasonography, radiography, and
arteriography are helpful in surveillance and detection of
endoleak and other stent-graft failure, although they are far
from ideal.13 Long-term data are lacking, and vigilant
patient follow-up is mandatory for early detection and
evaluation of complications that can lead to aneurysm
pressurization, growth, and rupture. Open surgical endoa-
neurysmorrhaphy obliterates the abdominal aortic aneu-
rysm (AAA) sac and its pulsatility. EVAR results in aneu-
rysm exclusion and not only persistence of aneurysm sac
but sometimes aneurysm pulsatility. This persistent aneu-
rysm pulsatility is deemed by some an important guide to
the effectiveness of EVAR.12 To evaluate the phenomenon
Fig 3. Excluded aneurysm sac with endoleak.
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of persistent aneurysm pulsatility, we devised a benchtop
model. The results of our experiments indicate that, in the
presence of endoleak, aneurysm sac pulsatility reflects sys-
temic sac pressurization; in the presence of endoleak, the
nonpulsatile aneurysm sac is probably a result of elevated
mean and diastolic pressure and lower pulse pressure; in the
absence of a demonstrable endoleak, aneurysm sac pulsatil-
ity does not predict aneurysm sac pressurization; and in the
absence of a demonstrable endoleak, the nonpulsatile an-
eurysm sac is probably a result of the lack of aneurysm sac
outflow, with or without endotension.
In the current analysis, complete aneurysm exclusion
resulted in marked pressure reduction in the aneurysm sac.
Diastolic pressure in the aneurysm sac depended on its
outflow. In the absence of lumbar branch outflow, diastolic
sac pressure approached systolic pressure, leading to de-
creased pulse pressure and loss of aneurysm pulsatility.
However, in the presence of lumbar branch outflow, the
differences in systolic and diastolic pressure were sustained,
leading to increased pulse pressure and aneurysm pulsatil-
ity. Therefore, even in the absence of endoleak and sac
pressurization, blood flow can oscillate through the patent
lumbar branches to generate pulse pressure substantial
enough to result in aneurysm pulsatility. Logically, one
would consider this pulsatile aneurysm sac, with low pres-
sure and no endoleak, at low risk for rupture.
Stent-graft endoleak can transmit high pressure into
the aneurysm sac. Our data indicate that in the absence of
lumbar branch outflow, the aneurysm sac peak systolic,
diastolic, and mean pressure is greater than systemic pres-
sure. This results in decreased aneurysm sac pulse pressure
and pulsatility. In this instance, although the aneurysm sac
is nonpulsatile, its mean pressure is markedly elevated. This
scenario is worrisome because diastolic hypertension has
been associated with increased risk for aneurysm rupture.
Szilagyi et al14 presented their experience with conservative
nonoperative treatment of AAA and reported the incidence
of diastolic hypertension to be 67% in patients with rupture
and 23% in patients without rupture. Regardless of lack of
pulsatility, such an aneurysm would most certainly be con-
sidered at increased risk for rupture. When stent-graft en-
doleak is present with concomitant lumbar branch outflow,
pressure transmitted to the aneurysm sac is systemic. Again,
with the presence of outflow from the aneurysm sac, the
difference in systolic and diastolic pressure is sustained,
resulting in substantial pulse pressure and aneurysm pulsa-
tility. Accordingly, sac pulsatility after EVAR correlates
with pulse pressure and not necessarily with peak or mean
sac pressure. Contrary to what we expected, aneurysm sac
thrombosis and use of supported versus nonsupported
endograft did not influence sac pulsatility.
Our findings are substantiated by several other reports.
Schurink et al15 used sophisticated echo-tracking ultra-
sonography to evaluate AAA pulse wall motion before and
after endovascular repair and found that aneurysm pulsatil-
ity correlated with aneurysm sac pulse pressure and not with
mean or peak systolic pressure. Malina et al16 reported that
aneurysm sac pulse wall motion is reduced after EVAR and
depends on the presence of endoleak. In their experience,
pulse wall motion of aneurysm with demonstrable endoleak
was 50% higher than aneurysm without endoleak. Any
demonstrable endoleak must have inflow as well as outflow.
In the presence of aneurysm sac outflow similar to or larger
than inflow, diastolic sac pressure should remain equivalent
to that of the systemic circulation. This results in pulse
pressure substantial enough to cause the aneurysm sac to be
pulsatile. In the absence of outflow from the aneurysm sac,
diastolic pressure can approximate systolic pressure, leading
to a decrease in pulse pressure and aneurysm pulsatility. In
our experience with translumbar aneurysm sac puncture
after EVAR we have frequently noted aneurysm sacs with
outflow to have systemic pressure, whereas those without
Table I. Aneurysm sac without lumbar branch outflow
Systemic pressure
(systolic/diastolic)
(mm Hg) Endoleak
Lumbar branch
outflow
Aneurysm sac pressure
(systolic/diastolic)
(mm Hg)
Sac
pulsatility P
100/60 No No 35/25  5/5 No .001
180/60 No No 65/50  5/5 No .001
100/60 Yes No 160/135  15/10 No .001
180/60 Yes No 210/180  15/10 No .001
Table II. Aneurysm sac with lumbar branch outflow
Systemic pressure
(systolic/diastolic)
(mm Hg) Endoleak
Lumbar branch
outflow
Aneurysm sac pressure
(systolic/diastolic)
(mm Hg)
Sac
pulsatility P
100/60 No Yes 35/10  5/2 Yes .001
180/60 No Yes 60/15  5/5 Yes .001
100/60 Yes Yes 100/60  10/5 Yes .001
180/60 Yes Yes 180/60  10/8 Yes .001
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outflow have diastolic and mean pressure higher than that
of the systemic circulation. This is consistent with our case
report of endotension resulting in an excluded hypogastric
artery aneurysm rupture without a demonstrable endoleak
or pulsatility.11 This phenomenon has also been reported
by Parodi et al,17 who demonstrated that in the presence of
endoleak and poor outflow from the aneurysm, intra-sac
pressure can be higher than systemic pressure. Further-
more, high sac pressure can be significantly reduced in the
presence of lumbar branch outflow from the sac.
There are several limitations to this study. The artificial
aneurysm sac was made of latex, which clearly has different
compliance and elasticity from human aorta. Stent-graft
endoleak without sac outflow generated pressure that far
exceeded the compliance and elasticity of the artificial an-
eurysm sac, resulting in loss of sac pulsatility. This might
not be the case in human aortic aneurysm. The supported
and nonsupported endografts used in our experiments were
surgeon-made, not industry made, which account for most
endografts implanted today. Even though we were able to
pack human thrombus within the artificial aneurysm sac,
the consistency and texture of the organized thrombus
could have changed while it was stored in heparinized saline
solution from the time of extraction from the patient’s
aortic aneurysm to its use in the ex vivo model.
After EVAR, pulsatility depends on aneurysm sac out-
flow, regardless of endoleak, sac thrombosis, sac pressure,
or stent-graft. Furthermore, persistent pulsatility does not
predict systemic intra-sac pressure, nor does lack of pulsa-
tility reflect freedom of the aneurysm sac from systemic
pressurization. This ex vivo model suggests that aneurysm
pulsatility is an unreliable guide for predicting aneurysm sac
pressurization after EVAR. Other diagnostic moethods
may be used to assess successful aneurysm exclusion.
We thank Dr Paul J. Feustel at Albany Medical College
for valuable statistical analysis of the data presented.
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